Throughout their range, wild felids in the Americas prey on livestock and this sometimes leads to retaliatory killing. Recently, conservation and research programs focused on such conflicts have recommended mitigation and prevention measures to producers, but these programs sometimes lack guidelines to direct implementation. We developed an index of risk of felid predation on cattle based on data from 52 ranches in Northwest Costa Rica.
Introduction
Livestock-felid conflicts occur worldwide. In Africa, lion (Panthera leo) predation on domestic animals is associated with the reduction of their historical range, and mostly driven by human-induced activities [1] ; similar issues are reported for felids in Asia (e.g. snow leopards (Uncia uncia) [2] ), Europe (lynx [Lynx lynx] [3] ), and the Americas (jaguars (Panthera onca) [4, 5] and pumas (Puma concolor) [6, 7] ).
In Latin America, the causes and patterns of predation on livestock by wild felids are associated with landscape and anthropogenic factors [8] . The biophysical aspects that potentially increase the occurrence of human-felid conflicts include dense forested areas, proximity to natural vegetation, prey availability, distance to wilderness areas, water sources, and roads [9, 10] . These factors have been considered in previous systematic analyses as the drivers of the issue [11] [12] [13] . In Costa Rica, researchers have || 33 highlighted the importance of investigating the causes of livestock-felid conflicts and have also identified potential drivers of these conflicts, including spatial and temporal distribution of wild cats, landscape metrics, and livestock management, as critical for designing conservation actions [14, 15] .
Despite the numerous factors that have been described in the past, there is still a lack of hierarchical understanding of conflicts, and this limits the implementation of effective solutions needed to reduce and mitigate conflict. Indeed, in Central American countries where the resources designated to conservation are limited [16] , conservationists and decision makers need tools to prioritize areas where livestockfelid conflicts occur [8, [17] [18] [19] . Researchers have identified differences between sites were the frequency of livestock predation is higher than others [2] , hence observing inherent conditions that make these sites hotspots of depredation [20] .
In Costa Rica, livestock-felid conflicts have occurred historically, and in the past the jaguar was classified as a pest [15] . Hence, the configuration of the landscape, as well as the combined effect of the expansion of livestock activity, illegal hunting of natural prey, and lack of environmental education of local citizens, have increased negative interactions between humans and wild felids [15, 21] .
In this study, we developed a planning tool called "Predation risk index". The index is a combination of the associated driving factors of human-felid conflicts, resulting in an estimate of the probability of felid predation on livestock. This tool is an attempt to provide a more objective classification of livestock-felid conflicts in order to improve the decision-making process [22] . With this index, we theorize that landscape features and anthropogenic variables lead to the occurrence of conflicts at multiple hierarchical levels, and that depredation behavior is context dependent [8, 23] .
Methods

Study area
The study area is located in northwest Costa Rica, including part of the adjacent Chorotega and North Huetar regions (11º7.7'N and 11º5.1'N, 85º58.5'W and 84º40.4'W). The Chorotega region represents 30% of the country's cattle production [24] . Average annual rainfall is nearly 1,400 mm in the plains, which contain the rivers Tempisque and Bebedero, and about 1,950 mm in the hillside areas of the Península de Nicoya [25] . The North Huetar region provides 31% of the country's cattle production [26], rolling with moderate to steep slopes in the mountainous parts, but also flat, floodable plains and marshlands; annual precipitation average is 2010 mm [27] . The entire study area is 17,592 km 2 and includes 1,040 km 2 of different protected areas with a great variety of wild cats and prey [15] .
We visited 52 livestock farms from January to December 2009. These farms were all located within an area covered by a previous project on conservation of felids and their prey on cattle farms [15] , and all had reported livestock predation events. Field visits for data collection were conducted no more than two weeks after a predation event. We used only confirmed records of jaguar and puma attacks; attacks by coyotes (Canis latrans), dogs (Canis familiaris), or any other carnivores were excluded from our analyses. We combined all kills because ranchers could not really distinguish between those of jaguars versus pumas.
At each field visit, coordinates of the predation site were registered using GPS (Garmin MAP ® 60CSx), and configured in geographical coordinates WGS84. Pertinent information about the landscape and human-related aspects related to livestock management were taken from previous fieldwork [15] .
Landscape variables
The landscape variables selected to construct the risk index were: climate seasonality, proximity to protected areas (e.g., national parks, biological reserves), the nearest riparian forest and, qualitatively, wildlife occurrence as indexed by hunting activities. Climate seasonality, as a proxy for how the climate can affect the number of predation events [28], was included because at some point, precipitation determines the seasonal distribution of potential prey, and consequently the shifting movements and foraging behavior of predators [29] . Climate seasonality was calculated by using the annual mean number of rainy days per month (Meteorological Institute of Costa Rica). Proximity to protected areas is the distance from the nearest protected areas with jaguar and/or pumas populations, and is based on the assumption that national parks, forest reserves, wildlife sanctuaries, among others, protect remaining populations of wild cats. Thus, neighborhoods near these areas are more likely to have predation events [14, 20, [30] [31] [32] , and we recorded distances to generate a gradient of predation distances from the nearest protected area. Nearest riparian forest is defined as the spatial distance from each predation event to the nearest riparian forest structurally connected to protected areas and was derived from a National GIS database by using river and vegetation coverage (Technological institute of Costa Rica). This variable describes the way that vegetative coverage provides shelter and facilitates ambush predatory behavior of pumas and jaguars [15, 20, 27, 33] . Natural vegetation cover is closely linked with the movement of wildlife, in this case riparian forests serve as corridors and connectors between protected areas and farms with livestock [27] . Wildlife occurrence is a description of all potential prey species for jaguars and pumas in the area that were hunted by locals and reported to us when asked. The species selected as potential prey were based on previous studies and expert consultation [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] , and included Tayassu pecari (White lipped peccary), Pecari tajacu (Collared peccary), Odocoileus virginianus (White-tailed deer), Canis latrans (Coyote), Cuniculus paca (Paca), Nasua narica (Coati), Dasypus novemcinctus (Nine banded armadillo), Dasyprocta punctata (Agouti), Sylvilagus spp. (Rabbit), Crax rubra (Curacao) and Penolope purpuracens (Crested guan).
Anthropogenic variables
We also included variables that provide a human-effect proxy for the risk index: herd management and cattle weight. Herd management is important because a high percentage of predation on livestock relates to different kinds of management related to livestock use (e.g., milk, beef, reproduction ; 7, 17] . Herd management is classified in different subcategories according to the percentage of events related to this variable, placing the different types of managements into gradual categories from least (feedlot) to most (extensive/free-range) risk of predation. Cattle Weight is the average weight of all cattle in the herd, and based on the hypothesis that livestock predation is allometric to felid body size [28] ; that is, at some average weight, cattle exceed the threshold of likely prey because larger animals are better able to repel predators [29] . This variable was collected from direct interviews and field visits with ranchers, and the animals' weight average was 173 kg, with a maximum of at least 400 kg and a minimum of 20 kg.
Data analysis
A Pearson correlation coefficient was used to assess the association among variables. Statistical analyses were implemented with software R. 2.10.1 [40] . QGIS 1.8. Lisboa [41] software was used to assess spatial patterns and variables related to predation events.
Predation Risk
Given the likelihood of predation risk occurrence, which is the result of a threat (big cat presence nearby) and the vulnerability determined by landscape and anthropogenic variables [7, 15, 17, 20, 28] , the risk index is a comprehensive attempt to understand and systematize the circumstances under which livestock herds are more vulnerable to predation events [38] . Each variable was partitioned into 5 different categories and assigned values of 0 -4, where 0 is very low risk, 1 is low risk, 2 is medium risk, 3 is high risk and 4 is very high risk. An equation (RI = ∑ Vi/n) can be used to calculate the risk, where Vi is the value of risk assigned to each variable and n the number of variables used to construct the index, obtaining an average RI, rounded to the nearest unit. The landscape variable, Wildlife occurrence, was incorporated here by assuming that the presence of species most preferred by jaguars and pumas would result in lower predation risk for livestock as opposed to when they were not present in the area.
Results
Landscape variables
The seasonality in the Huetar Norte and Chorotega regions showed a pattern of association with peaks of predation (Pearson coefficient -0.69, CI= -25-90, p = 0. 012). Monthly variation in rates of predation was significant (χ 2 = 23.53, 11 df, p = 0.01), with increasing rates of predation during the driest months of the year, reaching the highest rates from January and May (Fig. 1) . More than 56% of the predation events occurred at ranches 0 to 5 km from the nearest protected area (Fig. 2) . The percentage of predation events continued to decline as distance from the nearest protected area increases (χ 2 = 104.87, 4 df, p = 2.2 -16 ). Similarly, 75% of predation events occurred at ranches nearest to riparian forests (<0.3 km), and predation events decreased significantly at farms farther from riparian forests ( Fig. 3; 
Anthropogenic variables
The frequency of predation events was highest (65%) at ranches where livestock was managed over extensive areas ( Fig. 4; ). In these cases, livestock is almost free ranging, in contrast with custom feeding management (25% of predation events) and semi-stabling (7% of predation events) management, which demands closer interactions of ranchers with livestock [15] . With respect to livestock weight, most predation events (48%) occurred at ranches where average weights ranged from 50-100 kg, and no reports of predation events occurred where average weights were >400 kg ( Fig. 5 ; χ 2 = 62.3, 4 df, p = 9.526 -13 ).
Predation risk
A table of risk index (Table 1) was constructed using results from our analyses and from reviewed literature within the range of the puma and the jaguar. As an example, livestock on a ranch with 0-7 rainy days per month (Risk 4), 0-5 km from the nearest protected area (4), <0.3 km from the nearest riparian forest (4), with free-ranging cattle (4) averaging < 100kg (4), and with none of the specified prey animals in the area (4) would be at the highest risk (4). 
|| 37
Discussion
In our areas, our results suggest that during the driest months livestock and other potential prey tend to cluster near water sources, which may help maximize the foraging success of pumas and jaguars. In contrast, researchers found the opposite trend in tropical lowlands of Guatemala, where the attacks of jaguar and puma on cattle tend to increase in the wettest months of the year, because predators are more difficult to detect by livestock and people [11] . A major conundrum concerning livestock depredation in Costa Rica is that jaguars and pumas are rare species, and their remaining populations are mostly in protected areas [14] . The proximity of livestock ranches to these particular areas favors the occurrence of predation events, and indeed, the presence of natural forests plus the presence of rivers increase the probability of these events [10, 12] . Dense forest coverage likely serves as refuge for felids, for stalking cover, and as passages that help predators move between farms and protected areas [6, 7] . However, cattle management techniques are a controllable factor affecting depredation rates. Similarly, livestock density and condition (i.e., average weight) are also management aspects that can be controlled to reduce depredations. Finally, control of poaching of wild species on adjacent lands can likely decrease livestock losses [28] ; farmers having depredation problems often (68%) report that poachers usually roam near their property, likely causing the loss of natural prey for the wild felids in the area and thus encouraging them to feed on domestic animals [15] .
The implementation of planning methodologies for human-wildlife conflict prevention requires a clear understanding of particular problems in order to prioritize resources and make significant progress towards conservation goals [18, 42 -44] . Due to the complexity of livestock predation events, it is necessary to use key variables in a systematized way as an instrument for wildlife managers and conservationists [45] . The use of the risk index provides information to help diagnose rural land use, especially when surrounded by protected areas. It also allows for actions by agricultural and environmental institutions responsible for the development and implementation of conservation measures to assess whether the risk of loss of livestock and domestic animals is imminent.
The risk index is a practical took that should be applied in a logical manner (e.g., Fig. 6 ). The first step alludes to environmental and agricultural agencies that need to collect information necessary for understanding the nature of the conflict based on previous experiences; this is centrally important since government agencies are in charge of implementing policies and enforcing the law [20], and they have field personal that are familiar with the local issues. The application of the index and identification of the different levels of risk is critical, since the conflict resolution process should always be based on a diagnostic phase which must be efficient and effective in terms of the predictability of the conflict [7, 22] . 
Conclusions
The occurrence of predation events on livestock is not a random event. The existence of livestock-felid conflicts is the result of a combination of a set of landscape and anthropogenic variables. Because of this, a comprehensive understanding of the conflict is needed, and a hierarchical classification of these variables can be applied as a tool to manage conflicts where the financial resources are limited to classify and predict predation events.
According to our data, as well as other studies within the range of these predators, the most important landscape variables are proximity to the nearest protected area, the existence of riparian vegetation and climate seasonality. Anthropogenic factors such as herd management is important in terms of mitigation and prevention because these are the factors that we can directly manage in order to reduce conflict.
Finally, this approach should be used as a flexible tool in which the user can add or modify variables in order to better understand and mitigate livestock-felid conflicts. The index is a preliminary approach that was derived from field data that provides demonstrated useful results in terms of planning. However, we suggest that this research can be replicated and the tool improved for use in other regions outside Northwest Costa Rica.
